Abstract: Bottlenecks have been widely studied for uninterrupted flow. The study of bottlenecks in urban traffic networks implies a challenge, since delays and queuing are implicit in interrupted flows. The objective of this paper is to discuss bottlenecks in urban traffic networks and present a methodology to identify them, based on GPS (Global Position System) data from taxis in Bogotá, Colombia. In networks, where stops are frequent, the principle we adopted deals with finding recurrent low-speed sections, beyond expected delays. Urban bottlenecks occur in those road network segments that perform poorly in terms of speed, compared with upstream and downstream conditions, producing recurrent and larger than normal delays. The GPS devices reported, via GPRS (General Packet Radio Service), information every 10 s. Results of this exploratory project are promising. The method allowed the identification of six urban bottlenecks out of seven randomly selected low-speed sections. The most valuable application of this methodology is the prioritization of resources investment in traffic infrastructure improvements. As a low cost option, this exploratory method might be especially attractive in identifying critical points in traffic networks in developing cities, without expensive traffic-monitoring systems.
Introduction
Urban bottlenecks have been less studied than bottlenecks in free-flow segregated traffic, e.g., motorways. However, UBs (urban bottlenecks) are of increasing importance as congestion worsens in urban areas and measures to use more efficiently the existing infrastructure have become mandatory options prior increase in capacity. Many of the common physical elements causing bottleneck, such as lane drops or merge areas, are also present in urban networks. However, much less research efforts have been devoted to study this phenomenon in cities.
Congestion is a symptom of economic growth [1] . Traffic congestion in urban areas is often present in cities with vibrant economic development, which results in more employment, more activities, and more interactions. That make people want to move more and faster. Rapid growth in personal income (GDP (gross domestic product) per capita) causes the well-recognized growth in automobile ownership [2] [3] [4] , as well as an increase in mobility rates [4] . Along with present urban population growth, which is much more rapid in developing countries, these trends result in a considerably increase in urban traffic.
Congestion occurs when the speed on the road decreases and delays arise. Congestion adds costs to the movement of people and freight mainly in terms of lost time. Two broad groups of definitions of congestion are frequently found in the literature: the first is related with the macro-level demand for road use. Congestion appears when demand exceeds capacity [5] . The second group of definitions is related with the difference between the roadway system performance that users expect and how the system actually performs. Thus, congestions management also tracks for travel reliability, in addition to average travel speeds. Similarly, the European Report for Congestion also identifies two principal broad categories of causal D DAVID PUBLISHING
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factors for congestion: macro-level factors that relate to overall demand for road use and micro-level factors (e.g., those that relate to traffic "on the road") [1] .
Bottlenecks are associated with congestion. Bottlenecks have been widely studied for uninterrupted flow. When congestion occurs in a specific location (not along the entire corridor), a bottleneck may exist. An active freeway bottleneck is a point in the road network characterized by the presence of queued traffic immediately upstream and unrestricted (unqueued or freely-flowing) traffic downstream [6, 7] .
While the literature on freeway bottlenecks is robust, there are limited references on this phenomenon in urban roads. The main problem might be the difficulty in defining what can be considered as a UB, since at-grade intersections frequently produce temporary queues with unrestricted flowing conditions up-and down-stream. The issue is how to distinguish between a regular low-speed section and a UB. Not considering every single intersection as a UB, but identifying those critical points in the network is the goal. Therefore, we define a UB as a section in the urban network, with recurrently low-speeds (preceded and followed by good traffic conditions), where delays exceed the reasonable waiting times. Similar to freeway bottlenecks, lane drop, potholes, and merging areas can produce these situations. A bad performance in a single section of a network may affect several other links, causing an inefficient use of the infrastructure. By improving these sections, the specific bottleneck disappears, and the network performance will increase. This means that resources can be efficiently invested.
In this paper, we concentrate on the micro-level factors, specifically on bottlenecks in urban networks. This paper contributes in exploring bottlenecks in urban areas and introduces the routine we applied to identify the bottlenecks using GPS (Global Position System) data. While traditionally bottleneck locations are usually identified through direct observation, aerial photographs, video surveillance data, or dynamic surveillance on freeways equipped with detection technology [8] , this identification approach presents several advantages. Among the most remarkable advantages are the suitability for extensive networks, the applicability in cities with no traffic counting and monitoring systems, and the low costs. Among the specific applications of the identification of bottlenecks in urban areas are the efficient investment of anti-congestion resources and efforts.
The methodology was successfully applied in a case study in Bogotá, Colombia for identifying UBs. This methodology is suitable for extensive urban networks (big cities) with poor traffic counting and monitoring systems and restricted financial resources.
Literature Review
Bottlenecks are considered an important research topic in the field of traffic engineering since bottlenecks can be a major source of delays in road traffic [8] . Bottlenecks are part of many motorway systems [9] and can occur in different situations: upgrades, lane drops, merge areas, waving sections [10] , tunnels, underpasses, narrow lanes, lack of shoulders, curves and poorly operated traffic signals [8] . The capacity of a road depends on many factors, some intrinsic of the facility itself (e.g., number of lanes) and other temporal (e.g., rain). This means that the capacity of the road might not be constant along the whole network and throughout the day.
Along with the demand, the road capacity determines the delays [11] . A bottleneck is usually activated when the increase in demand causes the saturation of the bottleneck, thus leading to the formation of queues. Several authors have found that the capacity in bottlenecks drops once a queue has formed upstream, compared with those measured prior to queuing [6, [11] [12] [13] . If queues could be delayed or avoided in the presence of a bottleneck, extra capacity would be available [13] .
Bottlenecks can occur at fixed locations [14] , in variable locations [15] , or can be produced temporarily (e.g., by incidents, in which capacity is reduced by the blocking of lanes) [8, 11, 16] . So, they can be classified as static or dynamic. Recurring bottlenecks are those, which activate daily at the same hour of time almost every day [17] . Moving bottlenecks happen when a slow-moving vehicle (e.g., a truck or any oversized vehicle) disrupts the continuous flow of the general traffic [18] . This can reduce the capacity of the network's roads and intersections, thus affecting negatively travel times [18] .
Methodology and Data Source
Bogotá has a very serious traffic congestion problem. According to Acevedo et al. [19] , the total amount of automobiles in Bogotá will rise from 700 thousand in 2008 to 3.6 million in 2040. The annual growth rate of the road infrastructure in Bogotá has been only 0.49% for the last 5 years. However, the current infrastructure seems to be sufficient to provide a decent service, based on the relationship between the vehicle fleet and lane-kilometer. This indicator was still low compared with most North American cities (and similar to London) [19] . The poor traffic management and deficiencies in existing infrastructure has led to an inefficient use of the road infrastructure in Bogotá. For instance, Bogotá has more than 1,000 traffic lights, most of them still operating in fixed-times (very few actuated signals).
Direct observation to traffic conditions in Bogotá permitted the identification of situations similar to bottlenecks. By means of processing and analyzing a vast GPS database, we were able to develop an urban bottleneck identification routine. This routine was simultaneously developed when analyzing the data. However, for the sake of clarity, we present first the methodology in an abstract way, followed by its application using the Bogota GPS data base.
A vast GPS database of GPS data were analyzed. The data came from a pilot project for traffic congestion monitoring in real-time (SITYMUR ("Sistema de información de trafico y movilidad urbana" in Spanish)) in Bogotá of Andes University (Universidad de los Andes). The GPS data were acquired from four devices installed in different taxis during two months (June and July, 2010). The GPS devices reported, via GPRS (General Packet Radio Service), information every 10 s. The resulting GPS dataset includes records for each individual vehicle, containing the taxi ID, the longitude, the latitude, the date, and the time. Taxis travel an average of 250 km per day, per shift [20] . In addition, it was also proven that there is no significant speed difference between empty and occupied taxis in Bogotá [21] . The data set has data for all days in the week (except Sundays), especially from 6:00 a.m. to 8:00 p.m.
Description of the Bottleneck Identification Approach
With the purpose of identifying UBs, the principle we applied deals with finding recurrent low-speed sections in the network, preceded and followed by higher speed zones. These sections are segments of the road network that perform poorly (in terms of traffic speed) compared with upstream and downstream conditions, producing recurrent delays. Unlike free-flow traffic infrastructures, traffic in urban roads is intrinsically characterized with stops. Aware of that, one of the further discussions on this paper is which delay is "larger than normal" that constitutes an urban bottleneck. Thus, we use the space-mean speed as the metric to identify UBs. This approach was developed from an existing GPS database acquired for traffic analysis in Bogotá. The data came from GPS devices installed in three taxis tracking position regularly in time (every 10 s). GPS produces a succession of location points subsequently distributed in time that produces a polyline that represents the trace of the car in the network. Spatially, the closer the points are to each other, the lower the speed of the vehicle. Our goal deals with identifying these low-speed sections and recognizing which are caused by extraordinary sources (understanding ordinary causes these that produce expected stops and their associated delays).
In this section, we present the procedure in a general/abstract manner, and in the next section, we will present an applied example (case study) in Bogotá. The steps of the methodology are: (1) database revision and cleanup; (2) speeds calculation; (3) identification of low speed sections; (4) identification of UBs; and (5) on-site visit to determine the source of the bottleneck. We started up from an existing database, therefore, the methodology does not include any insight of how to acquire the data efficiently (number of cars and hours of data acquisition, etc.).
Step 1: Data Revision
GPS devices-tracking positions in short time intervals for days-produce huge amount of measurements (latitude , longitude , height , and time ). An ith measurement is described:
Identifying missing or wrong measurements is important to have continuous use of all data in time. Missing data are inconvenient since the methodology is based on mean speeds, calculated using measurements M i before or after. Imputations are straightforward, since time is varying in a regular manner (every 10 s) and the location is likely to be on the network between the points 10 s after and before. By depicting the data, it is also possible to identify those, which clearly divert from a reasonable polyline. While GPS devices have increased in accuracy, still there are sources of errors, especially in urban areas, where high-rise buildings and other constructions can distort the right coordinates of the measurement M i . This step mostly deals with the treatment of blanks, checks of extreme values and outliers, imputation of missing or wrong information, and correcting of measurements. Detailed information about the database cleanup process can be found in Bravo et al. [22, 23] .
Step 2: Speed Calculations
Low-speed sections are identified by means of speeds, using time intervals and distances. Time intervals are constant (10 s), but we can use any bigger time interval multiple of 10 (20 s, 30 s, etc.). Here k works a as a counter (integer number) to describe the number of intervals back and forth (each interval is of the minimum timespan, 10 s in this case). For example, k = 1 or k = −1 refers to preceding and following points, respectively. If k > 0, points are ahead in time and in k < 0, point are before in time. Time differences for a measurement n is calculated:
t is the time difference between the ith and the (i + k)th measurements (lower case represent differences);
T is time for a measurement i (capitalized represent absolute time values); k is the number of 10 s intervals. If k = 2, it means the point 20 s after the measurement i; i is the number of the measurement. The distance between consecutive points (length of each segment in the polyline) is calculated by processing position information, namely longitude (X i ), latitude (Y i ) of two consecutive points (for flat terrain we assumed Z i constant for all measurements M i ). The calculation requires the transformation from the WGS84 coordinate system (the reference coordinate system used by the GPS) into plain coordinates in Bogotá. After those transformations, distance d i,1 associated to the given measurement M i and the following point M i+1 is function of its coordinates and calculated by applying the regular Pythagorean theorem (for convention, the distance associated to the measurement i is calculated with respect to the next consecutive point in time i+1).
The total distance between non-consecutive points T i and T i+k is the sum of the lengths of the (i + k − 1) segments between consecutive measurements.
( )
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Space-mean speeds can be calculated using time differences t i,k and polyline length d i,k . This implies that many speeds can be calculated, depending on the selected reference point i and the time interval k of the second measurement M i+1 .
For instance, we obtain the closest result to the actual instantaneous velocity by using the shortest time interval, and this comes from the differences between two consecutive measurements i and i + k (where k = 1).
Step 3: Identification of Low Speed Sections
Low-speed sections are defined as segments in the network that have a substantially lower average speed than the upstream and downstream traffic. A low speed section does not necessarily represent a bottleneck, but an active bottleneck always results in a low-speed section. Low speed sections can be identified graphically or analytically. Graphically, a slow-speed section can be easily identified by the succession of several consecutive points very close to each other, proceeded and followed by more spaced points. However, since we have a big sample of points, it would be very time-consuming.
Analytically, low speed zones can be identified by means of the distance between two consecutive points, namely the speed (since t i,1 is always 10 s). Similarly when mean speeds are calculated using non-consecutive points.
Different values of k for the speed calculation produce different speed profiles (v-t graphs). Notice that for lower k values the speed profile resembles the instantaneous speed of the vehicle. On the contrary, for larger k values, small fluctuations are averaged and the speed-time curve is smoother. To make out point clearer, we suggest the reader to check the case study in Fig. 1. Fig.1 shows the mean speed calculated from the shortest interval k = 1 (or 10 s) to k = 30 (5 min) and shows that the speed fluctuations are less abrupt (or smoother) for greater values of k.
Step 4: Filtering Special Low Speed Sections
We classified low-speed sections in two groups: operational or non-operational. For instance, quieting for a traffic light is related with the operation of the vehicles, while stopping for lunch is not. The first task deals with identifying and discarding these non-operational low-speed sections. After that, the second task is distinguishing between ordinary low-speed sections or low speed sections due to ordinary operation in the urban network (e.g., a traffic light) and extra-ordinary low speed sections that produce UBs.
The identification of non-operational stops was a long but straightforward task. Very rarely a vehicle stays steady for a prolonged time on a road. Even less frequent if this occurs in a secondary road. Therefore, we identified short distance differences for consecutive points for prolonged period of time, then we looked the location on the map, and then we analyzed the situation. 
Exploratory Methodology for Identification of Urban Bottlenecks Using GPS Data 286
Approximately, 50 data correspond to 8 min;
(2) Making a field inspection to corroborate the existence of this type of traffic phenomena and to identify the cause of the UB.
Application of the Methodology
Using the previously explained methodology, it was possible to locate 124 low-speed sections for Bogotá using the previously described taxi GPS dataset. Nineteen of these sections were identified as bottlenecks. In the following sub-sections, we present the stepwise procedure for Bogotá.
Step 1
Although the vast majority of data is complete (few missing data), there are some cases where missing or wrong information is contained. For Step One, the most frequent errors we found were small diversions in time and missing data.
The regularity of the time intervals is very high. Sometimes, especially in centric areas with high buildings, some few measurements can have one second of delay (not cumulative). Very seldom measurements are missing. In any case, since we are working with the actual time differences, this fact does not affect the final output. Therefore, we decided not to correct the time values. Missing data are filled out using the location of the midpoint between the previous and following value and matching it to the network.
Consecutive points (k = 1) permits a reasonably clear identification of some events. In order to identify non-operational low speed sections, first we programmed the spreadsheet identify periods where the taxi stayed in standstill state for 5 min or more. It means identifying 60 or more consecutive points where the distance was d i,k < 10 m (a stay GPS still may produce non-coincident coordinates, rather a small variation up to some meters might appear).
During the plotting of the polylines, we noticed that it would be possible that the polyline does not coincide with the actual road network (e.g., the polyline cuts off in corners). For the SITYMUR project, we proved that the polyline formed by joining together several segments of consecutive points (d i ) leads to a fairly close approximation of the real trace (less 2% shorter than the real distance). Therefore, no map matching procedure was applied, especially considering the exploratory scope of this project.
Step 2
We calculated different speeds using different values of k. Notice that for greater values of k, more points ahead are required, making (N − k -1) points usable. Fig. 1 is an example of the different speed profiles.
Steps 3 and 4
What characteristics should have the traffic flow in order to be a potential UB? Initially, we thought that a ratio of the speed of the upstream (or downstream) and the speed of the low speed section would identify the bottleneck. However, before we could even try, we noticed that a prolonged mean speed around 4 km/h would effectively identify UBs. A ±20% bandwidth was arbitrarily defined, showing good results. We use an algorithm in order to identify sequential points with k i v , between 3.2 km/h and 4.8 km/h. Consequently, if this condition is accomplish, a low-speed section is defined. Fig. 2 shows one example of one the algorithm for checking the inequalities. We have chosen, from trial and error, what would be the mean speed threshold that would be useful to identify UB.
Step 5
As mentioned, using the previously explained methodology, it was possible to locate 124 low-speed sections for Bogotá and 19 of these sections were identified as bottlenecks. Due to resource constraints, and being an exploratory work, only seven sections were selected for verification (field observation). Table 1 summarizes the cases, with the precise location and the source of the bottleneck. It is important to acterized by nable amount at least some orted the data twork. Fig. 3 classified as a is easy from ection, and to Notice as well traffic states 
Conclusions
The presented routine appears as an economic, feasible, and effective way to identify urban bottlenecks (as defined in the introduction). This empirical routine arises as a valuable tool to identify critic points in urban networks for improving traffic conditions. This is especially valuable in big cities in developing cities like Bogotá, which have limited resources for monitoring traffic systems. The presented method shows several strengths, especially in terms of costs and flexibility.
The on-the-way data acquisition devices (loops and sensors) provide localized information (fixed). These devices are robust for highways, where traffic is concentrated in one section. In extensive urban networks, it would be necessary to install hundreds or thousands of these type of devices, to make it possible to uncover UBs. For the specific case of Bogotá, our routine was able to predict urban bottlenecks in 6 out of the 7 studied cases. The reasons for the long queues and extraordinary delays were a traffic light (1 case), bad road geometry (1 case), weaving zones (3 cases), merging traffic (1 case). Except the traffic light, all cases are to be approached GPS data, conversely, permits the coverage of the entire network. Since GPS devices send the information in real time, engineers also did not depend on third parties to get the information. Obviously, the on-the-way devices acquire other type of information that GPS cannot get. Fig. 3 summarizes the potential output of our methodology. There are many things that could be analyzed from these data. Queue lengths and delays can be easily calculated and thus assessments about the negative effects might also be defined, e.g., increase in emissions, fuel consumption, loss of productivity, etc.
In general, bottlenecks are identified and studied in order to find ways to overcome their negative effect in traffic. Initially, traffic management (signs and signals) and light interventions (pavement painting) were desired to improve the situation, but sometimes "heavy" infrastructure would be the only way to solve the situation. Looking at the identified bottlenecks in this research (Case 1), there are many possibilities, such as installing actuated (responsive) traffic lights, widening the approaches or constructing an underpass. In Cases 3, 5 and 7, including one or several lanes, or channelizing some flows would avoid the worst traffic conditions. The possible outputs of the vehicle tracks allow us to obtain valuable information to feed cost-benefit analyses for decision-making.
The results are promising. The use of GPS data in the urban bottleneck localization seems viable. For us, one of the most valuable application is prioritizing the investments of scarce resources in traffic infrastructure in an efficient way. This method permits us to compare among dozens of points that would require intervention.
We want to point out that because data were acquired for another project, and we were not able to acquire information under a planned route scheme of the tracking vehicle, we had very few recurrent data (cases of the same section at the same time from different days). Recurrent measurements in same streets at the same hour in different days reduce uncertainty on the distinction of UB, since it is very unlikely to have an external random event (broken car) every day at the same hour in the same place. The field inspection that we applied for this research is an alternative solution to this constrain. In fact, operating taxis use a lot the secondary network, and avoid congestion.
The limited resources and the fact that we started from existing data (acquired for a different purpose) limited our capacity to gather tailored information (e.g., data on the same place at the same hour of the day for different days of the week). In addition, some of the parameters were defined by a trial and iterative process that led to the successful identification of bottlenecks. Although it would be interesting to scientifically define or justify the founded thresholds and parameters, these are beyond the scope of the objective of this research. More work on this would be required in order to develop and refine a reliable, robust methodology.
